Abstract. Liver damage with hyperbilirubinemia during regeneration of the small liver is the major hurdle to expand the indications of adult living donor liver transplantation. We performed a large-scale gene expression analysis of the regenerating liver after a 90% hepatectomy in rats, and analyzed the changes in the gene expression patterns related to the ATP-binding cassette (ABC) transporters. RNAs were prepared from 3 rat livers at 0, 24, 72 and 168 h after a 90% hepatectomy. The gene expression profile was analyzed by the Rat Genome 230 2.0 array with special references to the ABC transporters. Among 31,042 probes, 1,587 reported genes were identified as either upregulated or downregulated more than 2-fold. Among 20 ABC transporter genes, multidrug resistance protein (MRP) 2 and organic anion transporting polypeptide (OATP) 1 were significantly downregulated, while MRP1 and MRP3 tended to be expressed. These genetic changes were confirmed by real-time PCR. A microarray analysis demonstrated not only an extensive gene expression profile in the regenerating liver but more specific molecular events related to bilirubin transport at the same time. Changes in the expression pattern of the ABC transporters, therefore, seem to be the key event in liver failure during liver regeneration.
Introduction
Post-operative liver damage with prolonged hyperbilirubinemia during liver regeneration is one of the major hurdles to expand the indications for liver surgery. It occurs mostly in patients receiving excess hepatectomy for various degrees of diseased livers, but also in recipients after a living-donor liver transplantation using small-for-size grafts of the normal liver (1) (2) (3) (4) . The latter is now called small-for-size graft syndrome (SFSS) (5) .
SFSS usually occurs when the graft size is <40% of the recipient's standard liver volume (4) . Patients show marked cholestasis and various degrees of portal hypertension. Some patients recover spontaneously within a few months, but most require prolonged intensive care and the mortality rate is higher in comparison to larger grafts (3). Many hypotheses have been proposed regarding the mechanism of SFSS: shear stress injury by the excess portal flow into the relatively small liver (6, 7) , free radical injury (8) , and an imbalance of endothelin and intrinsic nitric oxide production (9) . However, its details still remain unknown.
Regarding the mechanism of cholestasis in SFSS, an excretory step of bilirubin is thought to be impaired, because cholestasis is recognized as conjugated hyperbilirubinemia without biliary obstruction. Physiologically, conjugated bilirubin is evacuated from the cell into the bile canaliculi by a bilirubin-excreting transporter, an ATP-binding cassette (ABC) transporter called multidrug resistance protein (MRP) 2, which localizes to the canalicular membrane of the hepatocytes (10) (11) (12) . In some pathological conditions, such as bile duct ligation (13) (14) (15) , or under an endotoxin load (15) (16) (17) (18) (19) , however, the expression of MRP2 is reported to be downregulated. As for liver regeneration, we previously reported that the MRP2 protein decreased and that MRP3, an isoform of MRP2, is expressed on the sinusoidal membrane of the hepatocytes, which leads to changes in the direction of the bilirubin transport from the bile canaliculi to the sinusoidal space (20) . However, the genetic control of the bilirubin transporters during liver regeneration and the role of the other ABC transporters remain unclear.
A large number of genes participate in liver regeneration and various genes are expressed in the different phases. Given the recent development of a large-scale gene expression analysis by DNA microarray, it is now possible to thoroughly evaluate how many genes participate in liver regeneration (21, 22) . Moreover, microarray technology allows us to analyze the chronological expression patterns of the genes with more specific functions at the same time.
In this study, we performed a large-scale gene expression analysis of the regenerating liver after a 90% hepatectomy in rats, then, analyzed the changes in the gene expression patterns related to the ABC transporters.
Materials and methods
Animals. Male Sprague-Dawley rats weighing 180-220 g and aged 6 wk were purchased from Charles River Laboratories Japan, Inc. (Tsukuba, Japan). They were kept under routine laboratory conditions at the animal laboratory of Hirosaki University. The rats received standard laboratory chow, had free access to food and water and were kept in a thermostatically controlled room (25˚C) with a 12-h light-dark cycle. Before undergoing the surgical procedures, all rats were fasted for 24 h. After the surgical procedures, they had free access to a 200 g/l glucose solution for 24 h to avoid post-operative hypoglycemia after the massive hepatectomy (23) . This study was carried out in accordance with the Guidelines for Animal Experimentation, Hirosaki University, and all of the animals received humane care according to the criteria outlined in the 'Guide for the care and use of laboratory animals' prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86-23, revised 1985) .
Operative procedures and sample preparation . Forty-eight rats underwent an operation under isoflurane anesthesia. The rats were divided into two groups, as follows: i) the sham operation group (n=24); after a midline incision of the abdomen, the suspending ligaments of the liver were dissected as far as possible. The hepatic arteries and the portal veins were dissected and the abdomen was then closed. ii) the 90% partial hepatectomy group (n=24); a 90% partial hepatectomy was performed according to a new technique described by Kubota et al (24) , which was modified from the original procedure established by Higgins and Anderson (25) . It was reported that all of the 90% hepatectomy rats survived using this technique (17, 26) . Briefly, after a midline incision of the abdomen, Glisson's sheaths were ligated separately and each liver lobe was ligated separately 2 or 3 times near the inferior vena cava. With this method, the median lobe, the left lateral lobe and the right lateral lobe were all resected completely without constricting the inferior vena cava or causing any bleeding.
The overall post-operative survival rate of the rats was 100% in both the sham operation and 90% hepatectomy groups. At 4 time points, 0, 24, 72 and 168 h after hepatectomy, the rats were sacrificed to obtain liver samples by exsanguinations with sufficient isoflurane anesthesia. The liver tissue specimens were snap-frozen in liquid nitrogen and stored at -80˚C for the microarray and real-time PCR analysis. Data at each time point were obtained from 6 animals.
RNA isolation. Total-RNA was extracted from a 500 mg frozen liver sample with TRIzol reagent (Invitrogen Life Terchnologies, Carlsbad, CA) following the manufacturer's protocol. In brief, a 100 mg liver sample was homogenized in 1 ml of TRIzol reagent containing phenol and guanidinium isothiocyanate/cationic detergent, followed by phenolchloroform extraction and isopropyl alcohol precipitation. We confirmed the RNA quality using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Microarray hybridization and scanning. Using a poly-dT primer incorporating a T7 promoter, double-stranded cDNA was synthesized from 10 µg of total-RNA using a one-cycle cDNA synthesis kit (Affymetrix, Santa Clara, CA). The double-stranded cDNA was then purified by spin columns (Affymetrix). Subsequently, biotin-labeled cRNA was generated from the double-stranded cDNA template through in vitro transcription with T7 polymerase using 3'-amplification reagents for IVT labeling (Affymetrix). The biotinylated cRNA was purified using an IVT cRNA cleanup kit (Affymetrix). The biotinylated cRNA (20 µg) was fragmented in 40 mmol of Tris-acetate (pH 8.1), 100 mmol of KOAc, and 30 mmol of MgOAc for 35 min at 94˚C to an average size of 35-200 bases. The fragmented, biotinylated cRNA (10 µg), along with the hybridization controls (Affymetrix), were hybridized to GeneChip rat genome 230 2.0 array (Affymetrix) containing probes for 31,042 transcripts. The arrays were hybridized for 16 h at 45˚C and 60 r/min. After hybridization, the arrays were washed and stained according to the standard antibody amplification for eukaryotic targets protocol (Affymetrix). The stained GeneChip arrays were then scanned with the GeneChip Scanner 3000 (Affymetrix) and GeneChip operating software program, ver.
(Affymetrix).
Microarray data analysis. The signal intensities were quantified by the GeneChip operating software program, ver. 1.2 (Affymetrix). Subsequently, we normalized the obtained numerical data with classical liner regression techniques. The hybridization intensity data were converted into a presence/ absence call for each gene, and the changes in gene expression between the experiments were detected by a comparison analysis. In order to extract the significant genes, the data were further analyzed using the GeneSpring software program ver. 7.2 (Agilent Technologies) using the Affymetrix gene ID and natural logalism. We selected the genes whose ratios were >2 or <0.5, namely, representing a 2-fold difference in expression level. Furthermore, we obtained the well annotated full-length genes as the reported genes from the RefSeq database of the National Center for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov). In order to analyze the reported gene expression data, we performed a QT cluster analysis. Preceding the QT cluster analysis, we carried out hierarchical clustering to appraise the number of groups. The molecular functions of these genes were determined while referring to the Gene Ontology database (www.geneontology.org).
Quantitative real-time PCR. TaqMan probes and primers for MRP1 (assay ID: Rn00574093_m1), MRP2 (Rn00563231_ m1), MRP3 (Rn00589786_m1), OATP1 (Rn00755148_m1) and glyseraldehyde-3-phosphate dehydrogenase (GAPDH) (Rn99999916_s1) were pre-designed assays-on-demand gene expression products (Applied Biosystems, Foster City, CA). We synthesized the first-strand cDNA with 1 µg of total-RNA using oligo d(T)16 primers and TaqMan reverse transcription reagents (Applied Biosystems). 1x TaqMan universal master mix (Applied Biosystems) was used as a PCR solution. TaqMan PCR was performed with an ABI PRISM 7700 sequence detector (Applied Biosystems) according to the manufacturer's instructions. All of the experiments were performed in duplicate and non-template controls, and dissociation curves were used to detect primer-dimer conformation and nonspecific amplification. The threshold cycle (C T ) of each target product was determined and set in relation to the amplification plot of GAPDH. The detection threshold was set to the log linear range of the amplification curve and kept constant (0.05) for all of the data analysis. The difference in the C T values (ΔC T ) between the 2 genes was used to calculate the relative expression: relative expression =2
-(C T of target gene -C T of GAPDH) =2 -ΔC T .
Statistical analysis. Data were expressed as the mean ± SD, n=6, and Mann-Whitney U test (non-parametric test) was used to determine the significance between the control (sham operation) and the 90% partial hepatectomy groups at 4 time points (0, 24, 72 and 168 h) for the expression of MRP1, MRP2, MRP3 and OATP1. P <0.05 was considered to be statistically significant.
Results
Liver regeneration after a 90% partial hepatectomy. The wet liver weight showed a linear increase (0.04 g/h) until 72 h after the 90% partial hepatectomy and the rate decreased thereafter. At 168 h, the weight reached 60% (data not shown).
Metabolism of organic anions. We previously reported the changes in the total and direct bilirubin at 12, 24, 36, 48, 72 and 168 h after a 90% hepatectomy (20) . The serum total bilirubin showed a rapid increase and reached a peak level of about 2 mg/dl at 36 h after the 90% hepatectomy, which returned to the preoperative level by 168 h. There was a much greater increase in the serum direct bilirubin levels in comparison to the indirect bilirubin levels. In the sham operation group, there was little change in the total and direct bilirubin levels postoperatively (data not shown).
Application of the DNA microarray analysis for detection of changes in gene expression during liver regeneration.
In order to comprehensively examine the sequential changes in gene expression during liver regeneration, we performed a DNA microarray analysis. As a result of the Affymetrix GeneChip analysis of the 31,042 probes, 4,722 genes were identified as up-or downregulated at least >2-fold at one time point during liver regeneration, of which 1,587 genes were reported as the well annotated full-length genes, and 3,135 were unreported genes (Fig. 1A) .
Hierarchical cluster analysis of genes expressed during liver regeneration.
A cluster analysis of the genes expressed at 4 time points (0, 24, 72 and 168 h) during liver regeneration showed that the reported 1,587 genes altered at least >2-fold in intensity at 1 time point, and that the most similar patterns of gene expression were located next to each other and placed in a major branch of the dendrogram (Fig. 1B) . In order to facilitate the visualization and interpretation of the gene expression program represented in this very large body of data, we used QT-clustering to order the genes on the basis of similarities in their expression patterns and displayed the results in a compact graphical format, generating 19 kinds of ramose gene expression clusters (Fig. 1C) .
Percentage of changed genes according to the molecular functions determined by the gene ontology database.
The genes were categorized into 12 groups based on their functions. The genes categorized to DNA metabolism, cytoskeleton organization and biogenesis, and cell differentiation tended to be upregulated in the earlier phase of liver regeneration ( Fig. 2A) , while those of carbohydrate metabolism, energy pathways, lipid metabolism, and mitochondrion organization and biogenesis were downregulated in the same phase (Fig. 2B) .
Expression changes of ABC transporter genes during liver regeneration by DNA microarray analysis.
A subgroup of 20 ABC transporter genes was extracted from the microarray data base and their serial changes were analyzed (Fig. 3A) . As for OATPs and NTCP, the uptake transporters for bilirubin and bile acid on the sinusoidal membrane, the gene expressions of OATP1, OATP2, OATP4 and NTCP were strongly downregulated at 24 h, but returned to normal by 168 h (Fig. 3B ). In the MRP family, the MRP1 gene, one of the excreting transporters on the sinusoidal membrane, was upregulated >2-fold between 24 and 72 h. In contrast, the gene levels of MRP2 (2-fold) and MRP6 (3-fold) were significantly downregulated at 24 h (Fig. 3C ). In the other excreting transporters, the expression of the MDR1b gene was strongly upregulated >5-fold at 24 h, but returned to normal by 168 hr. In contrast, the MDR1a gene level was significantly downregulated >2-fold at 24 h, and MDR2 was significantly downregulated >2-fold at 168 h. BCRP was significantly upregulated >2-fold at 72 h (Fig. 3D) . 
MRP2, MRP3, MRP1 and OATP1 gene expression by real-time PCR.
In order to estimate the quantitative gene expression of the ABC transporters related to the bilirubin transportation, we selected four genes; MRP2, MRP3, MRP1 and OATP1 of the OATPs. In the 90% hepatectomy group, both MRP2 and OATP1 significantly decreased and MRP1 increased after 24 h (P<0.05) in comparison to those in the shame operation group. MRP3 significantly decreased at 24 h, but increased after 72 h (Fig. 4) . 
Discussion
Under specific circumstances, such as obstructive jaundice and sepsis, it has been reported that the expression of MRP2 on the canalicular membrane decreases and that MRP3 is expressed on the sinusoidal membrane. Consequently, the direction of bilirubin transport changes from toward the bile canaliculi to toward the sinusoidal space, which leads to conjugated hyperbilirubinemia (13, 14) . As for the expression of the ABC transporters during liver regeneration of the small liver, we previously demonstrated the same patterns of MRP2 and MRP3 expression in rat hepatocytes by a western blot analysis (20) . However, the changes in the genetic expression of these transporters have not yet been analyzed. Because many other ABC transporters have now been identified, a more comprehensive analysis of the expression of these genes is necessary (27) (28) (29) (30) (31) . Moreover, with the development of cDNA microarray technology, we are allowed to analyze the whole genome expression in a specific condition semiquantitatively.
In the present study, we performed a DNA microarray analysis of the liver tissue samples first. Four measurement time points were adopted; 0, 24, 72 and 168 h. There are some reports of microarray analyses related to liver regeneration, but most have been measured in the early phases of regeneration (26, (32) (33) (34) (35) . Because our concern is more specific to the changes in the ABC transporters, we analyzed the later phase according to the data obtained in the previous report (20) . Consequently, among the 31,042 genes, 1,587 (5.1%) of the reported genes were identified to be associated with rat liver regeneration after a 90% hepatectomy. Following the cluster analysis, 1,587 genes showed 19 expression profiles based on the similarity of the changed genes. Moreover, while referring to the Gene Ontology database, the genes were categorized into 12 groups based on their functions. Among them, the genes categorized to cell death, cell differentiation, cytoskeleton organization and biogenesis, and DNA metabolism tended to increase in the earlier phase of liver regeneration, while those of carbohydrate metabolism, energy pathways, lipid metabolism, mitochondrion organization and biogenesis tended to decrease in the same phase. Because these gene expression profiles seemed to meet the pattern of liver regeneration reported earlier (36, 37) , we considered that our rat 90% hepatectomy model was therefore useful for further specific analyses of the ABC transporters during liver regeneration.
As for the ABC transporters, the gene expressions related to uptake of bilirubin (OATP) and bile acid (NTCP) into the hepatocytes were uniformly decreased during the observation periods. The expression of MRP2 was downregulated early after the hepatectomy, which supported our previous results of western blot analysis (20) . MRP3, on the contrary, showed a slight increase. Indeed, the results seemed different from our previous study, which disclosed the apparent expression pattern of MRP3 after a rat 90% hepatectomy, but the level of MRP3 expression in normal livers is quite low, so that a tiny change in MRP3 expression may be overestimated by western blot analysis. On the other hand, MRP1, which was reported to be localized to the sinusoidal membrane and carry bilirubin toward the sinusoid similarly to MRP3, was expressed throughout the regeneration process.
These data obtained from microarray analyses were parallel to the results from real-time PCR. Real-time PCR disclosed the expressions of these genes related to bilirubin transport more clearly. The function of MRP1 and MRP3 was reported to be the same, but the time course of gene expression was different between the two genes. MRP3 probably plays more of a role in the later phase of regeneration than MRP1 does. Consequently, data from microarray analyses and realtime PCR disclosed that the gene expressions were changed to carry bilirubin from toward the bile canaliculi to toward the sinusoid, as we previously reported by western blot analysis. The gene expression profiles of the bile acid transports showed a different pattern from those of bilirubin.
We herein demonstrated a possible mechanism of conjugated hyperbilirubinemia during the regeneration of a small liver. The downregulation of MRP2 seems to be the direct cause of conjugated hyperbilirubinemia, and the regulation of this gene expression may lead to overcome cholestasis during regeneration of the small liver. However, the cascade of reactions leading to MRP2 downregulation remains unknown. In our previous paper, we mentioned a hypothesis that the increased plasma levels of interleukin 6 may play a role in the downregulation of the MRP2 protein during liver regeneration (20) . Importance of activation of interleukin 6 and tumor necrosis factor during early phase of liver regeneration after partial hepatectomy has been reported: tumor necrosis factor binds the receptor on Kupffer cells, leading to the activation of nuclear factor kappa B. Interleukin 6 and tumor necrosis factor are both nuclear factor kappa B target genes, so that interleukin 6 is released into the serum and binds to the receptor on hepatocytes. Subsequently, a signaling cascade including phosphorylation of signal transducer and activator of transcription 3 and extracellular signal-regulated kinase 1/2 leads the upregulation of multiple genes important for regeneration (36, 38) . Regarding the effects of cytokines on the expression of MRP family, expression of MRP2 is reported to be downregulated in endotoxin-loading models, in which increases in liver mRNA and serum tumor necrosis factor and interleukin 6 are observed (17, 19, 38) .
In the present study, we analyzed the genetic expressions during the later phase of liver regeneration with special reference to the ABC transporters by both microarray and real-time PCR analyses. Indeed, real-time PCR is a more precise method for evaluating gene expression changes, but it is very difficult to apply real-time PCR for a comprehensive analysis of many complicated processes such as liver regeneration at the same time. From the improvement of microarray technology, data from the microarray analysis have become parallel to those from real-time PCR like our study. The comprehensive microarray analysis is thus considered to be a promising technology to increase the understanding of liver regeneration as a whole and more specific phenomena at the same time.
In summary, persistent elevation of serum bilirubin during the regeneration of a small liver was suggested to be due to sustained low uptake from the sinusoids by repressed OATP1 and low export form hepatocytes to bile duct by repressed MRP2 on the canalicular membrane. In addition to these regulations, the increased export from hepatocytes to blood by MRP1 and MRP3 on the basolateral membrane may be an important mechanism of persistent cholestasis during the regeneration of a small liver.
